As mathematical modeling of wastewater treatment plants has become more common in research and consultancy, a mismatch between education and requirements for model-related jobs has developed. There seems to be a shortage of skilled people, both in terms of quantity and in quality. In order to address this problem, this paper provides a framework to outline different types of model-related jobs, assess the required skills for these jobs and characterize different types of education that modelers obtain "in school" as well as "on the job". It is important to consider that education of modelers does not mainly happen in university courses and that the variety of model related jobs goes far beyond use for process design by consulting companies.
INTRODUCTION
Mathematical models have become widely accepted tools in the field of wastewater treatment engineering and are used in design, optimization, operation and research as well as for teaching and training (e.g. Gujer & Larsen 1995; Morgenroth et al. 2002; Gujer 2004) . At the same time, universities and industry are experiencing increasing difficulties in finding enough people sufficiently skilled for modeling work in research or consulting (authors' personal communication and perception). The situation will likely become more serious, as modeling becomes a day-to-day practice for more practitioners, and as the further-development of models, together with increasing computing power, increase the number of applications that are considered common practice in modeling (e.g. computational fluid dynamics, Monte Carlo simulation or plant-wide modeling; Gujer 2006) . If the requirements for modeling in engineering practice and research are not appropriately addressed in teaching and training, then there is significant danger that models will be applied inefficiently, ineffectively or incorrectly (Taká cs et al. 2007 ), leading to negative experiences and a negative perception of modeling as a tool. At the other extreme, some graduates may be too specialized for typical modeling jobs in practice. In either case, the education does not fit to the requirements for various model-related jobs.
Consequently, we have to ask where and why the current education system (university courses, training on the job and continuous education) seems to fail.
It is a fact that wastewater treatment modeling courses are taught in an increasing number of university programs.
There is literature that outlines such modeling courses (Morgenroth et al. 2002; Gujer 2004 ) and discusses strategies for the wider field of environmental engineering education (Alha et al. 2000; Morgenroth et al. 2004) .
Furthermore, there exist many textbooks about modeling wastewater treatment systems (e.g. Dochain & Vanrolleghem 2001 ) as well as guidelines for simulation studies (Hulsbeek et al. 2002; Melcer et al. 2003; Vanrolleghem et al. 2003; Langergraber et al. 2004) . Johnson, E. Morgenroth, A. Shaw). This paper does not seek to provide final and complete conclusions and guidelines about the use of models in teaching; rather, it intends to promote a discussion on how to meet current and future modeling related educational requirements.
PURPOSE OF MODELING
For the discussion of model use it is important to realize that, in general, mathematical models can be applied for different purposes (Figure 1 ). While models are often used to design and optimize wastewater treatment plants (prognostic applications), they can also be important research tools to elucidate the functioning of processes (diagnostic applications). Furthermore, models are helpful to communicate knowledge about the behavior of the system of interest (educational purpose) which is a useful application for modeling in consulting as well as in teaching.
MODELS AND TEACHING
The use of mathematical models in teaching wastewater treatment can be envisioned in different categories. In reality, the use of models in teaching involves attributes of each category.
Teaching with models uses the models as tools to enable the student to learn about the behavior and process interactions of complex systems. The model could be used as a black-box; however, familiarity with the internal structure of the model allows a deeper understanding of the processes involved.
Teaching modeling involves providing instruction on the building and use of models. This goes far beyond instruction on how to run a particular model on any simulator.
Responsible modeling requires familiarity with the structure of the models, as well as awareness of limitations due to data quality, calibration and validation procedures, and parameter and model structure uncertainty. It ultimately allows finding an appropriate balance of simplification and details.
Teaching models is focused on educating about specific models. This can be the actual goal of the training, but in most cases, teaching models is a prerequisite for the two aspects introduced above, namely teaching with models and teaching modeling. "Demand"
The "demand", i.e. the required skills and knowledge for jobs with wastewater treatment models, can be structured according to the categories in Table 1 . It is obvious that there is a wide range of model-related jobs and activities for which different qualification levels are required or beneficial. Table 2 provides a list of skills and levels of understanding that might be important, depending on the modeling task. The list shall illustrate the wide range that has to be considered. Only the appropriate combination of understanding of the objective, the processes, the models and educational purposes (communicating connection between input and output). and the nature of the involved uncertainties allows effective and efficient working with models. For most applications, it is important to be able to understand why the model is doing what it is doing. It is crucial for the modeler to realize the difference between models and the real world, and to be aware of uncertainties and limitations. Furthermore, most modelers should know that a wastewater treatment plant model consists of several sub-models. Finally, the state-ofthe-art is constantly changing and will consequently push the requirements for modelers and instructors further ahead (Gujer 2006) .
At the WWTmod2008 workshop there was consensus about the most important skills and knowledge of modelers for consulting as well as for academic jobs (Table 3) . Not surprisingly, process understanding and awareness of the limitations of models were considered crucial, while knowing the actual tools had a lower priority. Some very important skills, such as creativity for problem solving, cannot be easily taught and are often missing in education.
Similarly, in literature about environmental engineering education, problem solving skills are considered central (Bishop 2000; Morgenroth et al. 2004 ) and have been identified as important requirements in job advertisements for environmental engineers (Fettig 2004) . At the workshop it also was argued that model use in consulting firms requires particular skills that are typically not taught in university courses (and maybe cannot be taught there effectively), e.g. the ability to find an appropriate level of model use due to budget and time constraints and the required accuracy or to focus on reactor volumes and operating costs rather than on minimizing effluent concentrations way beyond the discharge license requirements. "Supply"
The "supply", i.e. the training of people working with models and the use of models to teach process understanding, can be divided into two main categories: † "in school" (learning about modeling and processes without using it for the current job) and † "on the job" (learning about modeling and processes while using the knowledge for the current job; this includes graduate students working with models).
These major categories can be further divided into: † general or specific (targeted) modeling know-how, † formal or informal education and training, and † different types of instructors (university teacher, professional associations, software supplier, supervisor at work, colleagues, self-education, book)
Most combinations of the main categories "in school"
and "on the job" with sub-categories are possible, although some are more likely. Typically, a professional modeler has gone through a series of different steps of education. Some examples are: formal general education about activated sludge models at university, informal training by a Knowing how to effectively and efficiently use modeling to support the design or optimization of a wastewater treatment plant (rather than using the simulation for purely illustrative purposes).
Finding an appropriate balance of simplification and accuracy to complete a particular task
Understanding the importance of data quality and the sources of data uncertainty
Understanding causes of model uncertainty
Knowing how to appropriately use sensitivity analysis
Understanding different parameter estimation approaches
Understanding that a wastewater treatment model consists of several sub-models (bio-kinetic, hydraulic and others)
Understanding numerical procedures and how to identify and reduce errors caused by numerical effects
Knowing different models for a specific application (e.g. for biological processes or sedimentation)
Knowing different purposes of model use and its particular potentials and limitations
Being aware of current model developments and changing state-of-the-art (e.g. two-step nitrification-denitrification, computational fluid dynamics, plant-wide modeling, Monte Carlo simulation)
Having practical experience with the real-world system (wastewater treatment plant) that shall be modeled Understanding reactor hydraulics, understanding the biochemical process kinetics Being able to deal with time and budget constraints It is obvious that non-university types of training exist.
Indeed, according to a recent survey by the IWA Task submitted), we have to ask whether this fact is responsible for the mismatch or that it is rather due to shortcomings in other means of training such as self-education and informal training on the job.
Converging "supply" and "demand"
The outline given in Figure 2 and the structure proposed above to describe "supply" and "demand" facilitate the At the WWTmod2008 workshop there was agreement about successful teaching and training strategies. First, the fundamentals about the processes should be taught at university. In this step, models can be valuable teaching tools. Later, modeling these systems shall be learnt, again at university but in parallel with increasing knowledge and experience of the real-world processes. This may include data quality issues and non-modeling experience with the systems. Preferably this is done with case studies based on real problems and real data, including natural variation, errors and incomplete data. Realistic project-based courses allow the students to improve in all three main levels of requirements for modeling jobs (Table 3) . Similarly, Bishop Consequently, other providers of modeling education, such as software suppliers, professional associations and the companies using the models themselves are increasingly called to take the initiative to identify their needs and possibilities. This clearly indicates that the whole education and support system for modelers, as outlined in this paper, has to be taken into account and that common efforts of universities and practitioners are required.
CONCLUSIONS
As the use of mathematical models in wastewater engineering has become more common, a mismatch has arisen between education and requirements for modeling practice, both in the quantity and quality of skilled modelers. To address the mismatch, it is important to realize that modeling education and application is often seen too narrowly. In fact, (1) there is a wide variety of modelrelated jobs, not just model use for plant design by consulting companies, (2) modeling education goes far beyond university courses but includes training on the job and self-education, and (3) models in teaching involves teaching models and modeling techniques but also using models to support the understanding of technical processes and natural systems.
In a workshop at WWTmod2008 including practitioners and academics from North America and Europe it was concluded that universities should teach the fundamentals about the processes but also impart skills in problem solving and holistic thinking. Furthermore, students should become exposed to real-world modeling work including relevant questions and real data sets. On the other hand, it should be recognized that universities will not be able to fully train a modeler able to carry out every specific modeling job. Training on the job is and will be necessary in the future.
To identify, understand and appropriately address the mismatch, it is necessary to characterize "supply" and But it may also lag behind in terms of insights in the current needs/applications in the industry. † Increasing the awareness of the mismatch and requirements for different modeling jobs, e.g. by publishing and discussing problem analyses and successful means of training.
